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Thin  r'jport  in  the  third  aulimittal  of  an  ovcrnll  study 
concerninj;  the  >»ener.ition  and  propap.ation  of  surface  water 
waves  produced  by  explosions,  conducted  for  the  Office  of 
Maval  f'esearch  umler  Contract  No.  Nonr  3670(00), 

The  overall  study  basically  is  composed  of  two  parts;  one 
part  involves  analysis  of  available  measurement  date,  and 
the  second  part  with  development  of  theory.  This  progress 
report  is  concerned  with  the  former  and,  for  the  most  part, 
utilizes. wave  data  from  small  explosions  conducted  at 
Waterways  Experiment  Station,  Vicksburg^ Mississippi, 
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AHSTI'ACT 


This  t^ort  is^conccrriod- wit>wtJlfr->»rv»VyB-k?~of  experimental 

S  fjft,)  //y 

Wave  data  obtained  from  small  sc.«le  underwater  cxplo3ions/\ 


— Itt  g!rraU3J.sjiLnf^th<r"faa«4a  for  analyolu,  consideration  was 
made  of  all  knovin  and  available  data  includinp,  those  of 
Project  SEAL  and  others.  It  was  concluded  that  the  only 
available  small-scale  field  data  of  sufficient  reliability 
for  use  in  a  detailed  analysis  are  those  obtained  by  Water- 
1/^  ways  Experiment  Station  scientists  in  their  past  and  current 
test  series.  Accordingly,  certain  sets  of  WyE^S^  dat^made 


BWUliJblii'  Id  US  nave  been  analyzed  in  detail  with  the  major 
objectives  being  the  investigation  of  scaling  laws  and 
empirical  wave  height  prediction  formulae. 


V 


Much  of  this  report  is  concerned  with  an  analysis  of  fourteen 
wave  records  obtained  from  a  series  of  one-half,  two,  and  ten 
pound  explosions  in  the  W.E.S.  basin.  An  empirical  fomul.i 
is  derived  for  predicting  the  maximum  wave  height,  **5,3^*  at 
a  distance,  r,  from  the  source,  resulting  from  an  explosion 
of  weight,  W,  at  an  explosion  depth,  z,  and  assuming  water 
of  constant  depth.  The  relationship  between  W  and  wavelength, 
X,  of  the  naxinuni  wave  is  derived  along  with  X  as  a  function 
of  explosion  depth,  z.  The  wave  number,  o,  of  the  maximum 
wave  is  obtained  as  a  function  of  z  and  of  W,  while  the  energy 
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AH^TRACT  (cont’d) 


RHsdx  2 

paraff.atcr  (-r - )  is  shown  as  a  function  of  z,  where  F  is 

®B-ax 

the  diaensionless  distance  from  the  source.  In  addition* 
graphs  of  versus  r  are  drawn  and  the  rate  of  decay  of 

wave  height  with  r  found  for  each  value  of  W, 


It  Is  hoped  that  this  work  can  be  extended  to  take  in  data 
from  current  W.E.S.  field  tests  involving  125  and  385  pound 
charges*  along  with  data  from  the  10*000  pound  tests  of 
Project  HYDRA.  The  equations*  when  completed*  will  be 
tested  with  available  applicable  nuclear  test  data. 
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WATLP  V/AVKS  PKODUCri)  »Y  IMPUI.SIVn 
i;fu:KGY  Goi)iiCi:n 

PAP.T  3:  DATA  ANALYSIS  AMD  SCALING  PCLATIONS 


INTRODUCTION 

The  matter  of  sculinR  surface  wave  characteristics  caused  by 
small  explosions  to  those  resulting;  from  lar^'e  explosions 
has  been  investicated  both  theoretically  and  empirically  by 
many  investigators  with  varied  degrees  of  success  and  accord. 

Clearly*  a  highly  usable  scaling  law  could  be  formulated 
easily  if  there  existed  relevant  phenomenological  data  cover¬ 
ing  a  wide  range  of  environments  and  yields.  Unfortunately 
this  is  not  the  case.  Either  the  well-documented  model  or 
field  tests  are  of  small  yield  or  the  large  yield  tests  lack 
control  and  are  not  generally  well  documented.  One  procedure 
has  been  to  derive  a  semi-theoretical  scaling  relationship 
for  nr  versus  W  based  on  a  limited  knowledge  of  the  physics 
of  wave  generation*  and  to  attempt  fitting  available  experi¬ 
mental  or  prototype  nuclear  data  thereto.  As  might  bo  expected* 
this  approach  has  not  been  a  resounding  success. 

Initially,  when  the  data  analysis  was  commenced  under  Contract 
Honr  3678(00),  the  objective  was  to  integrate  all  available 
data  into  a  consistent  picture,  if  possible.  To  this  end, 


from  numerous  invostlj'utlons  n.jflo  in  the  Unitod  .Stiites, 
Britain,  (Jew  Zealand  and  J/«p/iri  were  carefully  examined  In 
context  with  the  constraints  of  physics  and  linear  wave 
theory.  After  careful  evaluation,  it  was  concluiJod  that  a 
majority  of  the  data  could  not  be  fruitfully  used  alonp  the 
intended  lines  because  of  lack  of  knowledge  on  Rcneratins 
and  environmental  control. 

Accordingly,  it  was  decided  to  select  those  field  experi¬ 
ments  which  were  conducted  with  reasonable  control,  to 
analyze  such  data  in  detail  for  prediction  relationships, 
and  to  test  such  formulae  against  certain  pertinent  tests 
of  other  series.  It  was  decided  to  select  certain  of  the 
test  data  obtained  by  Waterways  Experiment  Station  scientists 
in  their  1961-62  field  program  for  this  detailed  analysis; 
the  results  of  which  are  presented  in  the  following  pages. 

Ir  is  recognized  that  the  W.C.S.  data  constitute  on  extremely 
small  range  of  W;  however,  it  is  planned  that  results  of 
further  larger  tests,  which  are  expected  to  be  available  at 
a  later  date,  will  be  incorporated  in  the  analysis  for  both 
improvement  and  testing  purposes. 


<ini4ly3is  pro;j«nte<!  in  this  roporr  conalats  of  tliroo  p.irti 

A,  review  of  wC/»llnp  Concepts, 

B,  Analysis  of  Wave  Fecords,  and 

C,  Ccvclop-ncnt  of  empirical  V/ave  Height  Prediction 
Tormtilae, 

Feview  of  Sculin*;  Concepts. 

Numerous  investii’ators  have  looked  at  the  problem  of 
scaling  underwater  explosion  characteristics  over  a  wide 
range  of  charge  weights  extending  from  ounces  to  megatons 
There  is,  of  course,  no  question  that  such  knowledge 
would  be  valuable;  however,  because  of  the  lack  of 
precise  physical  theory  and  reliable  data  in  the  high 
yield  range,  it  is  difficult  to  attach  any  degree  of 
confidence  to  derived  laws. 


Bascially,  a  scaling  analysis  consists  of  determining 
whether  or  not  sinilitude  can  be  obtained  in  a  model 
test,  and  if  so,  then  finding  the  scale  factors.  The 
basic  similitude  requirements  to  be  satisfied  in j such  an 
analysis  are  given  in  Table  I, 


n.  AfJAI.YaiC  (c<)i*tM) 
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TABI.L*  I;  li.ic.lc  Cimilittuio  rt>Tiiir<r;nc*nt:’» 


1)  (Iijonetric  IJinf  Co*ilc  r.jcfnr  A 

2)  Kinematic  yinllitudn*  Velocity  Hcale  Factor  i=X/% 

2 

Acceleration  fTcale  Factor  osA/t 

2 

3)  Dynamic  f.iinil  i  tiuJc  Pressure  Scale  Factor  »=p4 

nncrj’y  Scale  Factor  r=»A^ 


*  t  is  the  Time  Scale  Factor 

^  The  list  of  similitude  requirements  piven  in  Table  I  is 
not  complete.  Further  requirements  depend  on  material 
(in  this  case  water)  constants,  of  which  the  <iensity,  P, 
is  the  only  one  listed  so  far*  Other  material  constants 
that  may  affect  the  explosion  process  are  viscc^ijrjr, 
compressibility,  surface  tension,  vapor  pressure,  and 
Cravity,  The  influence  of  these  material  constants  on 
the  scaling  picture  results  in  certain  characteristic 
dimensionless  numbers  that  must  have  the  same  value  in 
both  model  and  prototype.  These  characteristic  numbers 
are  listed  in  Table  II,  (The  subscript,  n,  in  the  table 
refers  to  the  model  test.) 


AflAl.V'JIi; 


P.if'o  6 

At  Peviaw  of' Scaling  Toncopt:;  ((;of»t  'o) 

1*  *  proaaura^ 

V  »  velocity* 

^  ^  \  ^ 

In  field  teats,  the  quantities  c,  p,  **vapor*  v 

are  all  unity  since  both  model  and  prototype  have  the 

same  environment*  With  the  five  scale  factors  being 

unity,  the  similitude  requirements  given  in  Table  II 

clearly  are  not  compatible  and,  hence,  exact  scaling  is 

impossible.  Consequently,  in  scaling  field  tests,  one 

must  depend  on  cither  a  theoretical  solution,  or  an 

empirical  solution  derived  from  extensive  small  scale 

•  C‘. 

tests,  unless  it  is  known  that  some  method  of  approxima’tc 
scaling  will  give  reasonable  results.  (Herein  it  is 
proposed  to  revert  to  an  empirical  solution  using  data 
from  small  scale  tests  conducted  at  Waterways  Experiment 
Station,  Vicksburg,  Mississippi.) 

If  there  is  to  be  a  method  of  exact  scaling,  one  must 
turn  to  small  model  tests  in  a  tank  where  the  environment 
can  be  completely  controlled.  If  one  utilizes  a  high 
gravity  tank  and  special  liquids,  it  might  be  possible 
to  obtain  an  exact  scaling  situation.  It  must  be  realised 
also,  that  there  is  a  basic  difference  between  H.E.  and 
nuclear  explosions,  since  the  bubble  constituents  are 
radically  different.  How  much,  and  in  what  manner,  this 
will  effect  Wave  generation,  is  not  known  at  this  time. 


Hoviuw  of  (.‘oncaptti  (oont'd) 

I*  »  pruaauroi 

V  -  velocity. 

In  field  testa,  the  qunntitios  c,  p,  •'yjpoj,*  ®i  ^nd  v 
Are  all  unity  since  both  model  and  prototype  have  the 
same  environment.  With  the  five  scale  factors  being, 
unity,  the  similitude  requirements  given  in  Table  II 
clearly  are  not  compatible  and,  hence,  exact  scaling  is 
impossible.  Consequently,  in  scaling  field  tests,  one 
must  depend  on  either  a  theoretical  solution,  or  an 
empirical  solution  derived  from  extensive  small  scale 
tests,  unless  it  is  known  that  some  method  of  approximate 
scaling  will  give  reasonable  results,  (herein  it  is 
proposed  to  revert  to  an  empirical  solution  using  data 
from  small  scale  tests  conducted  at  Waterways  Experiment 
Station,  Vicksburg,  Mississippi.) 

If  there  is  to  be  a  method  of  exact  scaling,  one  must 
turn  to  small  model  tests  in  a  tank  whore  the  environment 
can  be  completely  controlled.  If  one  utilizes  a  high 
gravity  tank  and  special  liquids,  it  might  be  possible 
to  obtain  an  exact  scaling  situation.  It  must  be  realized 
also,  that  there  is  a  basic  difference  between  H.E.  ar.d 
nuclear  explosions,  since  the  bubble  constituents  are 
radically  different.  How  much,  and  in  what  manner,  this 
will  effect  wave  generation,  is  not  known  at  this  time. 
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A.  Povicv;  of  nr.j  1 1 ni*  Coru;o;)tn  (cont'd) 

V/ith  rospect  to  ac.ilinp  of  wove  rh<j;victfirir;t>c'; , 

W,  G.  Penney  ilor-ived  l.iwa  uuifi)',  the  fiind.iinent.tl  nolu- 
tion  of  the  wove  e(]iMtion  for  cy  1  iiulricriH'/  cxp.indinp 
inf  ini  teaim.i  I  f^ravity  v/aven  in  water  of  uniform  depth  d. 

Tor  the  condition  of  an  initial  aiirf.ice  elevation, 

Penney  obtain;;  the  following  relationship  for  surface 
elevation,  t, 

m  •* 

t  *  /o  °  ^  jQ(kr)kdk  /„  f(o)  J^fkalcula  , 

where  k  is  the  wave  number,  t  is  time,  and  o  *  tanH  kd, 

Similarly,  correspondinR  to  an  initial  surface  impulse, 
Penney  obtained. 


V  =  -  / 


P.P 


A  review  of 


o  sin  o  t  J„(kr)kdk  /  r(o),  J  (ka)ada 

Pe  ney’s  scaling  analysis  follows. 


Paso  1.  Initial  Surface  Impulse 

Compare  wave  systems  from  charpe  v/eir.hts  and  W2 
detonated  .»t  hoip.hts  L2  an<l  Lj  above  the  water.  I.et  the 
sc.ilini*  factor  bo 

1/3 


n  3  (Wj/Wj) 


A,  p<!vi<n;  (if  l.r.ilir.i’,  f'onfopta  (cont'd) 

Th'j  acMllfi)',  l.iw  lor  c  thon  turna  out  to  te; 

(1)  tp(nx,  l\^)  ■  Cj(x,t)  . 

ThJt  ia,  impiilsivoly  ncner.ited  wave  huip,ht3  at  correspond 
inj*  (liatanoof;  vary  nly  in  the  sixth  root  J’ho  charpe 
ratio. 


(2) 


Case  II,  Initial  Crater  and  Dome 
As  before  let  n  =  {W2/Wj^),^^^  » 

One  must  first  solve  the  equation 


O': 


V  "'1 


^2 

for  _ 


* '/) 

,  where  Z  is  the  atmospheric  head. 


.  *'2 

Assume  the  solution  is  —  =  m;  then  the  scaling  law  for 

"1 

C  is 


(3) 


t20nx, 


t  =  m  Cj(x,t) 


If  a  snail  model  experiment  is  compai'ed  with  a  very 
large  full  scale  trial,  thon  one  may  assume  hj  is 
negligible  conpareil  with  Z,  anti  that  Z  is  negligible 
conparot!  to  h2.  Then, 


Tho  licifjhts  to  Ijc  expocte*!  fron  Idipc  explosions,  there¬ 
fore  uc.ile  up  from  those  of  ;i  piven  smtill  explosion  as 
the  fourth  root  of  the  chore, o  ratio,  tho  corrosponrtine 
<list«tnceo  and  depths  hoinj;  in  the  same  ratio. 


Tho  results  to  bo  expecterl  from  two  small  scale  experi¬ 
ments  may  be  approximated  by  assuminp  that  hj  and  h2  are 
both  nopliuihle  compared  with  Z,  Then 


<5) 


and  the  wave  heif(hts,  distances,  and  depth  scale  accord¬ 
ing  to  thfr  linear  dimensions  of  tho  charges. 


Wave  scaling  concepts  of  value  also  have  been  presented 
by  II,  Kranzer,  Kranzer  uses  the  same  basic  Cauchy- 
Poisson  theory  like  Penney  did,  only  modifiofl  for  finite 
water  depths.  In  this  analysis,  Kranzer  gives  solutinrs 
for  the  wave  amplitude,  n,  for  high  air,  surface,  and 
underwater  bursts  in  water  of  constant  depth.  These  solu¬ 
tions  will  provide  scaling  relationships  for  the  m.iximum 
wave  in  each  case.  The  impulse  functions  used  consider 
vortical  forces  only,  Umler  some  conditions,  tho  horizontal 
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A.  Hoviuw  of  Gc.ilin}*  Concepts  (cont'd) 

impulse  ahould  be  considered,  but  is  probnbly  nof»]ipible 
if  the  air  burst  is  hij^h  onoiif’h.  For  surf/ico  burnts , 

-  likely  the  horizontal  impulse  can  be  cnmpensatnd  for  by 

alterinf',  the  vortical  impulse  to  f»ive  a  satisfactory 
solution. 


For  an  impulsively  generated  wave  from,  say,  a  surface 
burst  or  an  air  burst,  the  wave  amplitude  given  by 
Kranzer  is 


(6) 


n(r,t)  s 


1  I /♦(<>)  tanh  o' 

Phi^r  V 


a  I  (1)  , 


'■X- 


where  o  is  the  positive  root  of  the  equation 


(7) 


f  (o ) 


‘if 


anh  o' 


2  (cosh  l^inh  0 


for  r<\^h*  t 


In  equations  (6)  and  (7), 

I  =  zero-order  llankcl  transform  of  the  initial  impulse 
distribution, 

r  s  radial  distance  from  ground  zero,  and 
R  =  effective  radius  of  the  impulse. 
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A,  Hovifjw  of  Sf:alinj'  <'oiico', f (foni’d) 

If  I(r)  =  Iq  for  r  .ind  I  ( r)  »  o  for  r  >  P, 

Kr<tn/.or  ahowo  tho  m.«xirn)Ti  .imp J  i  liid«!  fcjr  f  lilfi  Impulsively 
j'ener^i ted  w,ive  to  br 

o.fto 

(8)  P<<h  , 


and 

I-K 

(4)  *  8»!»8  -  for  R>>h 

0\r^  r 

The  simplest  case  is  that  of  a  surface  explosion  in  water 
of  infinite  depth  (P<<h), 


If  Y  is  the  yield  of  the  air  burst,  the  impulse  Kr), 

which  is  essentially  a  product  of  overpressure  and 

duration,  scales  as  at  a  radial  distance  also 

1/3 

scaled  as  Y  .  Therefore,  at  a  fixed  distance  r  from 
ground  zero  we  have 


n  (r) 
max 


.  y1/3  yi/e  _ 


1/2 

For  water  of  finite  depth,  the  same  Y  scaling  is 
valid  provided  R<<h.  On  the  other  hand  if  R>>h,  then 


SEce 


(11) 
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II.  /flAi.y:'!::  Im,'.-  )?  . 

A,  Inviou  I't  J’.r.ilifii'  ConfM!!' I 'J 

Toi-  .III  uii(t<MV/ci Ut  l-iuni,  Kt'.ur/.'-’r'  five',  .i  ornlinf.  ritl.itiori- 
f.liiji  ati'.iiir.i Iru'.  Hi<it  c.icli  oxploi: ion  tiikon  pl/irc  <it  it'.i 
opt  iiinim  (iT  Jov/or  critic. il  <!cpth.  The  I'.oliition  foe 
underv/.i t<!)'  Imrato  .ii;ritjiicu  th.it  the  v-vivoo  rire  ditsplfico- 
niont  j’fiitcMM  to<l ,  <in<l  is 


(12) 


n(r,t) 


1.  !;(£)  l/UET 

rh  h  V-i'lo) 


where  K  it:  the  zero-order  ll.inKel  trannforn  of  Tlr),  the 
dinpl.icement  of  the  vm ter  rairface  at  tine  tso,  Apain 
aanuminp,  that  n(r)  =  for  r^R  and  i;(r)  *  o  for 
v/c  obtain 


=  0.82 


for  P<<h 


Eaucntially,  the  latter  equation  neo<l  never  be  cona iderect , 
ainca  if  F>»h,  any  un<!erv;.: ter  oxploaion  caaentially 
bccones  a  aurface  explosion  and  can  be  treated  ar.  such. 
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■  IT 

A,  l^oviov/  of  Gc.iliTiH  Concepts  (cont'd) 

Therefore,  for  |■<<h  urulerv/.i ter  explosions  of  rlifferent 
yields,  e.ich  detonated  at  their  respective  optimum 
depths,  scale  as, 


(IS) 


.  1/3 

since  I:q  and  P  both  scale  as  Y  , 


Several  other  authors  have  written  papers  on  scaling, 
but  for  the  most  part  they  are  along  the  same  lines  as 
the  work  of  Penney  and  Kranzer,  Other  articles  have 
shown  that  no  exact  acalinp.  laws  existed  for  field  tests, 
and  have  stated  that  one  will  have  to  be  content  with 
some  kind  of  approximate  scaling. 


In  view  of  the  above,  it  is  seen  th.<t  and 

scaling  has  been  proposed  for  impulsively-generated  wave 
systems,  while  and  sea  ling  has  been  proposed  for 

undcrv^xter-explosions  or  displacement-generated  wave 
system!.  Also  one  fact  is  important,  there  are  no  v;ave 
scaling,  relationships  for  detonations  at  depths  other  than 
the  optimum  or  lower  critical  depth,  unless  P>>h. 
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II.  A.’iAf.YSin  IVijI'Vl'* 

A.  I'cvlow  of  Ilr.illnr,  Conrcj/t';  (rent'd) 

Th«  inmcdiiitc  oonclunlon  to  bo  rcacFird  in  view  of  thoao 
v.irloiia  ar«ilin/*  roJiitlonnhipn  is  tFj/it  witFiout  nxlenalvo 
one  theory  is  «»r.  ('ood  (or  b.id)  iiH  tho  other. 

It  appears  therefore,  thiit  nn  ompix*ioal  solution  derived 
from  .malysls  of  v/cll  controlled  umnll  tuoto  mipht  be 
very  valuable  in  determininR  v/hich,  if  any,  scaling 
relationship  is  most  clojutly  allied  to  the  actual 
phenomena. 
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B.  Analyais  of  Wave  Records 

The  objective  of  this  analysis  is  to  study  the  nature 
of  the  wave  characteristics  in  wave  trains  resulting 
from  the  underwater  explosion  tests  conducted  at  Water¬ 
ways  Lxperlment  Station.  In  this  preliminary  analysis 
of  W.C.S.  data»  fourteen  wave  records  were  used  cover¬ 
ing  charge  weights  of  1/2  lb. ,  2  lbs.,  and  10  lbs.  Shot 
geometry  for  these  records  is  shown  in  Table  III  (page 
38).  In  these  tests*  the  first  few  wave  gauges  seemed 
to  be  too  near  the  source  and  were  measuring  breaking 
waves;  therefore*  only  records  from  the  four  gauges  most 
distant  from  the  source  were  used  on  the  1/2  lb.  and 
10  lb.  shots*  and  records  from  the  last  five  gauges  on 
the  2  lb.  shots* 

These  small  explosions  were  conducted  in  a  basin  of 
constant  depth.  The  pertinent  variables  can  be  expressed 
in  terms  of  the  depth*  h*  as: 

R  =  r/h* 

T  =  t/g7h* 

o  =  kh  s  2*h/A* 

\  -  2w/T  =  2»/T/g/h  ;  where 
r  s  distance  from  the  disturbance* 

R  3  dimensionless  distance* 
t  3  time  after  explosion* 

T  -  dimensionless  time* 

CONFIDENTIAL 


CONflDENM 

ii.  Ai;Ai.Y::rr’.  ■  u 

i<t  Afiiilyiiiii  of  VMvu  Vccc.if’.ti,  (c{inl.'f!) 

)»  =  t1cce  Ior.it  ton  «*l  ,'’,r.tvl  ty  , 

As  w.ivoloni'th, 
k  s  wavfi  nuitilicT, 

•ind  0  =  tlimonsionlcnn  wave  nunbor. 

It  is  .liisuncd,  heroj  that  the  enr.uini*  v;avc  behavior  is 
desci-ibecl  by  the.  linear  theory  of  p.r.ivity  waves,  since 
the  parameter  AA'/h  is  much  less  than  unity.  Therefore 
the  following  fundamental  rola tionshipo  are  obtained: 

(16) 

(17) 


from  (16)  anti  (17)  one  obt.tins: 

(13)  V  =  £  s  i  ^  J 

T  2  0  sinh  2o,  * 

(13)  V  *  L  s  1  (tanh  a  ^1/2  ^  ^  o(]  -  tanh^  o)j 

i  ^  tanh  0 


c  s  s  s  , 

dT  o  ,  ’ 

V  s  H  s  v//^  =  1  C(l  ♦  2o/5inh  ?o)  , 

T  2 

where  C  =  dimensionless  wave  velocity, 

V  =  dimensionless  gi'oup  velocity, 
c  =  wave  velocity, 
and  V  s  B^oup  velocity. 
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The  variables  of  primary  interest  in  an  explosion  are 

the  wave  height  M,  the  wave  length  the  group  velocity 

V|  and  the  energy  parameter  (-— — i)  ,  One  must  realize, 

®max 

however,  as  is  easily  seen  in  Figure  1,  that  for  any  one 
wave  train,  A  is  a  function  of  E,  and  That  a  particular 
value  of  A  is  really  an  instantaneous  value.  Therefore, 
for  convenience,  all  analysis  of  the  data  will  be  made 
in  reference  to  the  group  envelope  maximum.  That  is, 
will  be  the  wave  height  at  the  envelope  maximum, 

niaX 

A  will  be  the  average  wavelength  associated  with  the 
mdx 

envelope  maximum  (not  the  max.  A  in  any  envelope), 

a  is  o  at  the  envelope  maximum,  V_,„  is  V  at  the 
max  r  *  max 

HH  2 

envelope  maximum,  and  (— JM£)  is  the  energy  parameter 

^max 

at  the  envelope  maximum. 
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II,  AflAl.V.'if I  ,  ,  '  !(■ 
tl.  An.ily''.i-i  of  ;/,ivo  I'ooor  to  ( coii f  * <( ) 

Plots  of  lo,..  lor.  .,n<)  lor  ..n  va.  lor  v; 

,ir'i!  sho'wn  in  rijMiro  3  fop  .i  surf, ire  otplonion ,  Ad  aeon, 
tho  loci  .Tppc,ir  to  bo  stroir.Iit  lines.  The  corroDpondinr, 
rel/itloiiships  obtninod  from  lo.iat  aquorea  fit.a  are; 

(21)  A  =  15.0  , 

mux 

(22)  o  =  8.38  ,  and 

max  * 

(23)  V  =  0.17  , 

fndx 

PH 

ricurea  4,  5,  6  show  plots  of  ®max*  (~-~-" ) 

versus  z,  the  depth  of  explosion  measured  positive  down¬ 
ward,  with  W  as  a  parameter.  'Here,  one  easily  can  see 
that  there  are  not  enough  data  points  to  obtain  a  true 
picture  of  the  function's  behaviour;  however,  the  plots 
seem  to  be  similar  to  plots  of  versus  z,  which  will 

bo  shown  in  the  next  section.  The  3  ^  and  (—....  ■-)  plots 

Omax 

seem  to  have  two  maxima;  one  maximum  near  the  lower  criti¬ 
cal  depth,  and  another  near  the  upper  critical  depth, 

Tho  maximum  near  the  lower  critical  depth  seems  to  increase 
more  rapidly  than  the  maximum  near  the  upper  critical 
depth.  On  the  other  hand,  due  to  the  relationship  between 
®max  *max»  relationship  between  and  z  is 

approximately  the  inverse  of  that  shown  for  versus  x. 
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il,  /'.llAl.y.l ! !.  ■  I'J 

H,  An^lyiilri  o(  '.7<iv«!  ((.‘orit ’'!) 

TiiUleti  IV,  V,  .ir.'I  VI  tli.it  lollc./,  rnnf.iin  fi  fitinn.iry  of 
tM«  4m.<lyci:5  of  fhor.o  v/.ivn  rrnonlr,.  A.-;  cnn  be  seen,  it 
v;(iultl  1)1?  moit  bonefinl.il  to  h.ivt;  lororrir,  froiTi  other 
explo!iion  c!cp th'j  to  /WKily/.t?, 


TAHI.I!  IV:  I'eaulto  of  Analysis  of  W.ivi;  Pecor'lo  from 

W  s  0. S  Lb.  f.hotft. 


z  in  feet 

0 

O.O'i* 

1.73* 

2.17* 

*4.7H' 

V 

max 

0.155 

0.150 

U.16M 

0.173 

0.158 

‘’max 

10.2 

9.70 

9.20 

8.30 

10.0 

*max 

12,31 

12.95 

13.66 

15.13 

12.60 

««max 

0.520 

0.62*4 

0.607 

0.603 

0.254 

0 

mdx 

2.71  X  10”^ 

M.13  X  lO'^ 

*4.35  X  10"^ 

5.28  X  10“^ 

0.646  X  10“^ 

TABI.i:  V:  Results  of  Analysis  of  Wave  records  from 

W  =  2.0  Lb.  Shots. 


2  in  feet 

0 

0.06* 

2.21' 

'J.72' 

V 

^max 

0.192 

0.198 

0.209 

0.209 

‘’max 

6.75 

6.30 

5.61 

5.61 

^max 

18.61 

19.94 

22.39 

22.39 

CO 

1.8*4 

1.02 

1.21 

j^'Hnax^? 

‘’(nax 

7. *40  X  10"^ 

8.53  X  10"^ 

3.35  X  10"^ 

4,67  X  10“^ 
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11,  Ar,.i  1  y I'.i  of  '.liiVij  I'orjoiili;  (fjoniM) 

T/.iiLi;  VI:  Ttjaulta  of  An/i.'/nla  of  W,)v<i  Pecor<l3  from 

W  a  10.0  I,i>,  Hhota, 


z  In  feet 

0 

0. 11* 

2,15' 

4.«4* 

10.87' 

V 

ma  X 

0.237 

0,246 

0.243 

0.249 

0.235 

0 

4.47 

4.13 

4.23 

4.08 

4.52 

Max 

A 

max 

28.10 

30.41 

29.69 

30.78 

27,79 

PH 

max 

RH  ' 

2.29 

2.97 

2.43 

3.56 

1.32 

^  mr|Xj2 

"max 

0.263 

0.51ft 

0.329 

0.759 

0.085 

One  observation  of  considerable  interest  noted  from  the 
test  records,  is  that  as  the  explosion  depth  increased, 
a  phase  shift  of  90®  in  the  wave  train  occurred  at 
identical  ranfie  stations.  This  can  be  seen  in  rif»ure  7 
(for  W  =  2  lbs.).  This  phase  shift  also  occurred  for  the 
1/2  lb.  and  the  10  lb,  series.  The  phase  shift  seemed  to 
occur  rather  abruptly  since  the  first  two  records  avail¬ 
able  had  identical  phases,  whereas  every  record  of  an 
explosion  at  Rrcater  depths  showed  the  same  90®  phase 
shift. 
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C.  Uuvolopmurit  of  Empirical  VJavo  llcijiLt  Prediction  Formulao 

In  addition  to  the  IH  wave  rocordn  uaod  in  the  procedlnp, 
aection,  tabloo  of  avurayod  wave  hclpht  recorded  for  each 
shot  position  and  each  charcc  woiiiht  were  used  in  the 
following  analysis. 

Table  III  (page  38)  shows  the  charge  positions  (2)  used 
for  each  charge  weight  W,  while  the  charge  positions 
marked  j  |  indicate  the  records  analyzed  in  the  previous 
section.  Table  VII  (page  39)  shows  the  ranges  at  which 
wave  gauges  were  placed «  and  Table  VIII  (page  40)  shows 
the  number  of  shots  (at  each  charge  position  and  for  each 
charge  weight)  that  were  averaged  to  obtain  the  wave 
heights  in  the  tables  referred  to  above.  These  explosions 
all  occurred  in  water  of  constant  depth  (20  feet). 

The  goal  of  this  analysis  is  to  find  some  prediction 
formula  of  the  form  =  f(r,W,z).  Assume  that 

(2^)  f(r,W,z)  =  i-  e(W,z)  , 

where  a  is  some  constant  to  be  determined  by  making  plots 
of  log  vs.  log  r  for  each  charge  weight  and  for 

each  charge  position.  Figures  8,  9,  10 •  11  and  12  show 
those  plots  for  W  =  10  lbs.*  the  lines  being  determined 
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C.  Pevclopmont  of  Ilmpirio/il  Wavo  llolt’ht  Prt’fliction  rornul.io  (rent'd) 

by  makinu  a  least  squares  fit.  The  prob.iblo  error  was 
fouri<I  for  each  charp.a  weifjht,  and  also  for  a  combination 
of  the  throe  charp.e  welp.hts.  These  results  are  shown  in 
Table  IX  below. 


TADLn  IX:  Wave  Heiijht  Decay  Date 


Chari’o  Wei^jht  (lbs.)  Wave  ilcinht  Decay  Rate 


O.S 


2.0 


10 


0.5,  2,  10 


If  .  -0.830  ♦  0.128 

“max  - 

M  «  „“0.718  ♦  0.081 
"max  • 

„  _  -0.802  ♦  0.119 

“max  “  ^ 


The  next  step  is  to  find  the  function  .Plots  of 

“max  a  parameter  appear  in  Fip.ures  13, 

14,  15,  16.  In  the  fip.ures,  the  first  maxima  is  defined 
as  the  upper  critical  depth  and  the  second  as  the  lower 
critical  depth.  Note  that  seems  to  decay,  more  or 

less,  exponentially  with  depth  from  some  point  h.  the 
lower  critical  depth.  Utilizing  this  observation,  let 
g(Vi,z)  be  defined  as: 


GONnOENTIAL 


CflllFIDEflTIAL  i 

ii,  i-.iiV!  2  3 

r,  ■  l!<!Vi!U^|i(n!rtt  of  I.'mpi flfM I  ■  V/»ivc  Holj’Iit  I’rcwlioilon  forniiliio  (oorir*<l)j 

fO»’  (>  ^  <  a’ 

(25)  r.('.7,z)  s 

for  z*  <  X  ■, 

where  2*,  (to  bo  determinofl  later)  is  that  depth  below 
the  lower  critical  depth  at  which  to  fall 

off  exponentially,  i 


i 


c 

c 

[ 

0 

i: 


To  determine  the  function  one  would  like  to 

express  H  as  a  polynomial  in  z  with  constants  that  are 
indx 

functions  of  W,  Also,  one  woUltl  like  to  force  this 

polynomial  to  have  maximA  of , the  correct  height  at  the 

lower  critical  depth  and  at  the  upper  critical  depth, 

and  to  pinpoint  the  minimum  between  those  two  maxima. 

It  would  be  desirable,  furthermore,  for  H„aj,  at  2=0  to 

be  the  correct  value.  Fif^ures  17  and  IB  show  plots  of 

2  at  the  upper  critical  depth  ),  z  at  the  lower 

critical  depth  (z,  ^  .  ),  z  at  the  minimum  between 

l.c.d.  and  u.c.d.  at  z=o 

at  the  upper  critical  depth  (H^^^  u.c.d.  ^  *  «„ax 

lower  critical  depth  (H  ,  ,  ),  and  H  at  the 

max,  l.c.d.  max 

minimum  (H  .  )  each  as  a  function  of  W,  These 

max,  min 

results  are  shown  below  in  Table  X,  the  values  being 
normalized  to  r  *  50  feet. 
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C,  Dovulopmant  of  Empirical  Wave  Height  Prediction  Pormulao  (cont'd) 

TABLE  Xi  Condltiono  to  be  Satisfied  by  g^lz.W) 


As  can  be  seen  from  the  above  table,  seven  conditions 
must  be  satisfied,  requiring  a  sixth  degree  polynomial. 

Let  gg<z,W)  be  of  the  form 

AH  (r)  *  z®  ♦  Bz®  ♦  Cz**  ♦  Dz^  ♦  Ez*  ♦  Fz  ♦  G  , 
max 
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C,  Dovclopment  of  Dnplrical' Wave  Ilcip.ht  Prediction  Pormulao  (cont'd) 

whore  A,  B,  C,  Dj  P,  and  P  are  all  functions  of  W,  to 
be  determined  from  the  above  seven  conditions. 

Then; 

(27)  at  2»o.  ’  I  ’  » 

and 

dH  (r)  S  4  3  9 

(28)  A  "1-^ -  s  6z  *■  5B2  ♦  4C2  +  3Dz‘  ♦  2Ez  ♦  P  . 

d2 

dH  (r) 

Setting  — ■■  s  o,  it  follows  that  at  least  three 
dz 

real  positive  roots  must  exist;  namely  aj^(W),  a2(W)| 
and  a3(W),  while  the  other  two  roots  may  be  real  negative, 
complex  or  also  real  positive. 

■A  somewhat  justifiable  criticism  at  this  point  would  be 
that  one  is  not  assured  that  the  final  .function  g^fz.W) 
will  not  have  another  maximum  and  minimum  somewhere  in 
the  interval  o^z<2';  however,  this  is  not  held  to  be  very 
likely,  and  probably  will  never  occur.  To  find  the  exact 
behavior  of  the  final  function  {’qIsiW)  requires  a 
computer  program,  as  it  is  somewhat  complicated.  This 
task  is  planned  for  the  future. 
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C,  I'O'VO  loj-munt  of  fnjjlricjl  V/<iv<;  I’oic.ht  I  ri'd  lot  ion  Tofniil.ic  (inrit'd) 


I’rocoedind  on  the  r;o,irch  for  wo  h.ive. 


S  li  1  9 

A  ■  - -  *  o  =  6/.  ♦  SIJz*  ♦  '(Cz-*  ♦  3I)z/  ♦  ?nz  ♦  r  » 

dz 


(2‘J) 


»  [ z-o^(W) J[ z-aj (W) Jtz-Oj(W) ]  (6z  ♦  yz  ♦  4)  , 


where  y  and  4  are  functions  of  W,  yot  to  he  determined. 


It  follows  that: 


(30)  Jtz-02(W)]Lz-03(W)l  (6z^  t  yz  ♦  4)>d2 


»  : :  C- 


fl 

C 


and 


..e 


-  {-6[aj(W)+o„(W)+’a,(W)  J  ♦  y)  c 

a  z®  ^ . .  ■  z 


( 6[o3(v;){aj  (VD+OjfW))  ♦  Oj^(W) (W)-y[ CW) (W)  ]*4  ) 


(31) 

^  (-6aj(W)a2(W)a3(W)+Yta3CW){aj(W)  (W) ♦oj (W) 02 ^ *  ^3 

3 

{-Oj^(W)a2(W)«3<W)y*4toj(W){aj(W)  +  02(W)  )+aj^(W)a2(W)  3  )  2 

2 


♦  (-aa^CMlojCWlajCW))  z  ♦  G  , 
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C.  Development  of  Empirical  Wave  Height  Prediction  Formulae  (cont’d) 

The  above  equation^  (36)»  han  three  unknowns,  A,  Tt  and 
There  are  three  conditions  yet  to  be  used;  those  are 


(37) 

z  * 

Oj(W) 

3  «l(W) 

(38) 

Z  3 

e2(W) 

*  »2<^> 

(39) 

z  > 

aj(V) 

3  03(W) 

Therefore,  the  system  of  three  equations  and  three, 
unknowns  becomes, 

(40)  A  ♦  412  T  ♦  #13  <  «  ♦!  * 

(41)  #21  ^  *  ^22  ^  *  ^23  *  *  ^2  * 

(42)  A  ♦  ^22  ^  *  ^33  ®  *  ^3  * 

where , 


S 


% 


II. 


(43) 


(H4) 
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C,  Duvclopment  of  tmpirical' Wave  Hali-ht  rrediction  Formulaa  (cont’d) 


AlZ**  Aiz^ 

♦  «  Cl-  -  ♦  -4 - i- 


12  ‘r 


2  z*a, (W) 


_5  A,z^  Ajz^  A,z^ 

4  s  [5 _ i —  *  -± - i 1 

22  s  43  2  z»a2(W) 


,_5  Aiz**  A222  A3Z2 

♦  „  a  (5_  -  -i —  ♦  -i —  -  -i — ] 

22  S  4  3  2  zs 


.  ii!!  - -  A,., 


aafW) 


4  3 

,  r* 


4  Aj^z^  A2Z2 


2 

^2’ 


3‘^z=«i(W) 


♦23  *  r“  *  "2 - ^3*^**«2{W) 


♦33  ’  -  A3Z] 

23  4  3  2  3  zaa^fW) 


and 


A  a 


BAi^zS  BAjZ** 

^  6A3Z2 

*  5  4 

•  3 

SA^zS  bAjZ** 

6A3z3 

5  ‘  4 

3 

6Aj.5  EAjZ* 

6A3Z3 

5  4 

3 

♦1  ♦12 

♦l3 

♦2  ^22 

*23 

♦3  *32 

*33 

♦11  *12 

*13 

*21  *22 

*23 

*31  *32 

*33 
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C.  Development  of  Lmpirical ' Wave  Height  Prediction  Pormulaa  (cont'd) 


(45) 


(46) 


Y  » 


11 

♦1 

^3 

21 

♦2 

♦23 

31 

♦3 

♦33 

♦u 

♦21 


♦12 

♦22 


♦l3 

♦23 


1  *31 

*32 

*33  j 

and 

♦11 

♦12 

♦1 

♦21 

*22 

♦2 

Jt  '« 

♦31 

*32 

♦3 

O'* 

♦11 

*12 

*13 

*21 

*22 

*23 

♦31 

♦32 

♦33 

• 

The  above 

equations 

are  sufficient  to  determine 

original  constants. 

A,  B,  C 

.  D.  E.  F, 

1  and  G. 

To  summarize: 

1.  A  is  given  by  equation 

(44), 

2.  . 
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.  Development  of  Empirical  Wave  Height  Prediction  Formulae  (cont'd) 
6A,-A,y*4 

3.  C  »  — = — i — -  , 

4  * 

-6Ai*A«y-A| 4 

4.  D  =  - = - ^ 

3 

5.  E  s  -i  . 

6.  F  =  -A34  , 

and 

7.  G  »  AB^<W) 

The  formula  for  prediction  of  "max  from  an  explosion  of 
charge  weight  W  at  explosion  depth  z  and  range  r»  then» 
is, 

-  <50)*  {z®  *Bz^  *  Cz*  *  Dz^  ♦  Ez^  ♦  Fz  ♦  G1  , 

H  =  - — — — - — - .  ■  for  o<z<z'  , 

max  pa  - 

where  a  s  0.802  (Table  IX). 

It  is-  to  be  noted  that  coefficients  A,  B,  C,  D,  E,  and 
F  must  be  evaluated  for  each  different  charge  weight  W, 

Also,  depth  s  is  measured  positive  downward,  and  water 
depth  is  assumed  constant. 
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C.  Development  of  Empirical  Wave  Height  Prediction  Formulae  (cont'd) 

All  that  remains  now  is  to  find  the  function  p,^(z»W)  for 
when  zj^z*.  Ficures  19  and  20  show  plots  of  z*  vs, 

W,  and  H^^^^it(r)  vs,  W  at  R  *  21,8  ft,,  the  least 
squares  fit  giving: 

mS)  2*  »  •1,27  w®*^^**  . 


(49) 

(50) 


where  again  a  s  0,802  (Table  IX), 


GONHDEKTIAL 


COtlFIDENM 

Pd^c  33 

It  la  not  pooaiblu  at  thin  tiii>u  to  derives  any  conclualona 
from  tho  abovu  unulyais  becaunu  of  tho  llmitod  number  of 
wave  records  available  for  this  treatment*  However* 
definite  trends  are  indicated  and  a  further  analysis  of 
the  remainini>  W.C.S.  data*  and  of  data  from  the  present 
test  series  should  provide  worthwhile  prediction 
formulae. 

Prom  the  available  data*  it  appears  that  the  upper 
critical  depth  seems  to  become  less  important  as  the 
cha|:^ce  weight  increases*  and  apparently  vanishes  when 
the  charge  weight  is  somewhere  between  500  lbs.  and 
-800  lbs.  As  the  charge  weight  increases  further*  the 
lower  critical  depth  continues  to  be  the  optimum  depth 
for  generation  of  large  amplitude  waves.  The  wavelength 
at  the  envelope  maximum*  plotted  as  a  function  of  explo¬ 
sion  depth  z*  also  has  a  maximum  in  the  region  of  the 
lower  critical  depth*  as  does  the  energy  parameter  of 
the  envelope. 

Figure  3  shows  how  Omax’  '^max  functions 

of  W  for  a  surface  explosion*  and  Figures  t*  S*  and  6 

show  how  ^max*  ^ vary  as  a  function  of 

®max 

depth  with  W  as  a  parameter.  To  obtain  an  exact  picture 
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Dt  Cunclu::ionii  (cont'd) 


of  how  thcisu  lura  utc  eflcutud  by  W  and  z,  one 

needs  more  data  encompassing  larger  charge  weights.  The 
present  tost  series  being  conducted  by  W.C.S.  should  help 
in  filling  in  the  exact  picture. 


As  shown  in  figure  7^  a  90*  phase  shift  was  observed 
as  the  explosion  depth  increased.  This  is  probably  due 
to  a  difference  in  basic  generation  of  the  waves  from  a 
surface  burst  and  an  underwater  burst.  In  one  case  the 
primary  forcing  function  is. important*  in  the  second 
case,  the  secondary  forcing  function  is  important. 


The  prediction  formula  (H7)  and  (50),  will  be  improved 
when  more  data  are  made  available.  The  constants  are 
complicated  functions  of  W;  therefore*  examination  of 
the  exact  nature  of  these  functions  necessitates  use  of 
a  computer.  This  step  is  planned  when  the  formula  have 
been  improved  with  additional  data. 
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TAULi:  III:  ClIARCi:  rOCITIONG 


CIIAHCi: 

POSITION 

1  CHARGE  DEPTH  Z  (FT) 

FOR  CHARGE  WEIGHT  W 

(LB) 

bB 

BB 

10  •  C 

125  3  D 

385  ■  E 

1000  s  r 

1. 

♦  0.08 

♦  0.13 

m 

- 

m 

2. 

♦  0.04 

♦  0.06 

.  ** 

m 

- 

3. 

CD 

CD 

i 

m 

4. 

-0.04  1 

1-0.06  1 

r-6:ii  1 

-0.37 

5. 

-0.08 

-0.13 

-0.22 

- 

- 

6. 

-0.16 

-0.25 

-0.43 

•  i 

- 

7. 

-0.32 

-0.50 

-0.86 

-2.00 

•• 

•• 

8. 

-0.47 

-0.76 

-1.29 

- 

- 

9. 

-0.79 

-1.26 

-5.00 

- 

- 

9A. 

-0.99 

-1.58 

-2.69 

- 

- 

9B. 

-1.18 

-1.89 

-3.23 

-7.50 

- 

-• 

9C. 

-1.38 

-3.76 

- 

- 

m  ■ 

10. 

-1.58 

-2.52 

-4.31 

-10.00 

-14.6 

- 

lOA. 

-1.78 

-2.84 

1  -4.64  1 

-11.25 

-16.4 

-20.9 

lOB. 

-1.98 

-3.15 

-5.38 

-12.50 

-18.3 

- 

lOB*. 

- 

- 

- 

-13.00 

- 

IOC. 

KISl 

-3.46 

-5.91 

-13.75 

-20.1 

1  ** 

11. 

-2.37 

i' 

i  -3.78 

-6.46 

-15.00 

-21.9 

- 

12. 

-2.57 

-4.09 

-7.00 

- 

- 

13. 

-2.77 

-4.41 

-7.54 

- 

- 

- 

14. 

-2.96 

-8.08 

- 

- 

- 

IS. 

1  -3.16  1 

-5.04 

-8.62 

-20.00 

- 

16. 

-3.56 

-5.67 

-9.68 

- 

- 

- 

17. 

-3.95 

-6.30 

-25.00 

i 

- 

18. 

-4.35 

-6.93 

- 

- 

- 

- 

19. 

D3Ua 

-7.56 

- 

- 

- 

- 

20. 

1  -5.53 

-8.82 

1, 

- 

■ 

' 

''«k 

1 
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TAULL'  VII:  WAVi:  GAUGE  POSITIONS 


RANGES,  ft. 


Charge  Woight,  lb. 


0.5 

2 

10 

125 

385 

13.90 

15.75 

21.50 

75 

73 

73 

15.88 

18.90 

26.88 

98 

110 

110 

17.47 

22.05 

32.25 

205 

146 

146 

19.85 

34.65 

37.63 

310 

219 

219 

-f 

21.84 

47.25 

53.75 

410 

'  365  V 

f^-365 

23.82 

50.40 

59.13 

540 

511 

511 

25.41 

53.55 

64.50 

800 

800 

^00 

27.79 

55.70 

80.60 

29.78 

59.85 

86.00 

31.76 

63.00 

s 

ll 
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TAbLE  VIII:  SUMMARY  OF  EXPL03I0MS 


W 


No.  Shots 
Fired 


0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

Q.S 

0.5 

0.5 

0.5 

0.5 

0.5 


5 

6 
5 
7 

5 
2 

3 
2 
2 

6 

4 

3 

5 
5 
5 
5 
7 
5 
5 
5 
5 

4 
3 
3 
3 
3 


to. 08 
to. 04 
0 

-0.04 

-0.08 

-0.16 

-0.32 

-0.47 

-0.79 

-0.99 

-1.18 

-1.38 

-1.58 

-1.78 

-1.98 

-2.17 

-2.37 

-2.57 

-2.77 

-2.96 

-3.16 

-3.56 

-3.95 

-4.35 

-4.74 

-5.53 


5 

5 

5 

7 

5 

3 

3 

3 

3 

3 

3 

3 

4 

5 
5 
5 
7 
5 


to. 13 
to. 06 
0 

-0.06 

-0.13 

-0.25 

-0.50 

-0.76 

-1.26 

-1.58 

-1.89 

-2,21 

-2.52 

-2.84 

-3.15 

•3.46 

-3.78 

-4.09 


CONnDENTUL 


CONFIDENTIAL 

m 


TAULC  VlIIs 

iiumntai’V  of  tx|)lO'iiono 

(cont'd) 

No.  Shota 

W 

Fired 

z 

2 

5 

-4,41 

2 

4 

-4,72 

2 

5 

-5,04 

2 

3 

-5.67 

2 

5 

-6,30 

2 

3 

-6.93 

2 

3 

-7.56 

2 

3 

-8.82 

10 

4 

0 

10 

4 

-0.11 

10 

5 

-0.22 

10 

3 

-0.43 

10 

3 

-0.86 

10 

3 

-1.29 

10 

3 

-2.15 

10 

3 

-2.69 

•  ••  _  .  ■ 

10 

3 

-3.23 

10 

3 

-3.76 

10 

5 

-4.31 

10 

5 

-4.84 

1 

5  “ 

10 

5 

-5.38 

1  •• 

10 

5 

-5.91 

10 

7 

-6.46 

10 

5 

-7.00 

10 

5 

-7,54 

10 

5 

-8.08 

10 

5 

-8.62 

10 

3 

-9.68 

10 

6 

-10.87 

125 

1 

0 

;  -  ; 

125 

2 

-0.25 

125 

1 

-0.50 

125 

2 

-2.00 

125 

2 

-5.00 

125 

3 

-7.50 

125 

2 

-10.00 

125 

3 

-11.25 

125 

3 

-12.50 

125 

4 

-13.75 

125 

3 

-15.00 

125 

1 

-20.00 

125 

2 

-25.00 
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FIGURE  2  TYPICAL  WAVE  TRAIN,  SHOT  C-4,  W-IOfc,  2-0.11 


FIGURE  3  VmcRc,  tfuMK,  ANO  Kmm  AS  A  FUNCTION  OF  W,  Z 
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FIGURE  4  WAVE  LENGTH  AS  A  FUNCTION  OF  EXPLOSION  DEPTH 
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EXPLOSION 

FIGURE  7  PHASE  SHIFT  OF  THE  WAVE  TRAIN  WITH  DEPTH  OP  EXPLOSION 
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FIGURE  8  WAVE  HEIGHT  DECAY  WITH  DISTANCE 
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FIGURE  ]  3  WAVE  HEIGHT  AS  A  FUNCTION  OF  EXPLOSION  DEPTH 
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